The anticipation of pain has been investigated in a variety of brain imaging studies. Importantly, today there is no clear overall picture of the areas that are involved in different studies and the exact role of these regions in pain expectation remains especially unexploited. To address this issue, we used activation likelihood estimation meta-analysis to analyze pain anticipation in several neuroimaging studies. A total of 19 functional magnetic resonance imaging were included in the analysis to search for the cortical areas involved in pain anticipation in human experimental models. During anticipation, activated foci were found in the dorsolateral prefrontal, midcingulate and anterior insula cortices, medial and inferior frontal gyri, inferior parietal lobule, middle and superior temporal gyrus, thalamus, and caudate. Deactivated foci were found in the anterior cingulate, superior frontal gyrus, parahippocampal gyrus and in the claustrum. The results of the meta-analytic connectivity analysis provide an overall view of the brain responses triggered by the anticipation of a noxious stimulus. Such a highly distributed perceptual set of self-regulation may prime brain regions to process information where emotion, action and perception as well as their related subcategories play a central role. Not only do these findings provide important information on the neural events when anticipating pain, but also they may give a perspective into nocebo responses, whereby negative expectations may lead to pain worsening.
INTRODUCTION
Anticipation of pain is a complex state that may influence the immediate unpleasantness of pain itself [Price et al., 1999; Staub et al., 1971] and of non-noxious stimulation [Sawamoto et al., 2000] .
Neurophysiological evidence indicated that the anticipation of pain may trigger cortical systems involved in the r experience of pain [Koyama et al., 2005; Ploghaus et al., 1999; Porro et al., 2002] and may be directly influenced by cognitive factors [Porro et al., 2002] , even in the absence of noxious stimulation [Ploghaus et al., 2003; Porro et al., 2003] . A positron emission tomography (PET) study by Hsieh et al. [1999] demonstrated that cognitive appraisal of impending pain may differentially modulate brain activity depending on previous experience and available information on the kind of stimulus.
The anticipation of pain may have an important protective function, allowing the avoidance of bodily harm through the initiation of adaptive behavior. As far as the activated areas related with anticipation of painful stimuli are concerned, hemodynamic changes in parietal, cingulate, and insular areas, have been detected by PET [Chua et al., 1999; Drevets et al., 1995; Hsieh et al., 1999] , but not in the primary somatosensory cortex (SI) . Other studies demonstrated activation of the prefrontal cortex (PFC), anterior insula (AI), and anterior cingulate cortex (ACC) during the anticipation of pain using psychophysiological measures [Koyama et al., 1998 ] and functional magnetic resonance imaging (fMRI) [Ploghaus et al., 1999; Porro et al., 2002 Porro et al., , 2003 ]. More recently, Koyama et al. [2005] have identified brain regions including the PFC, insula, ACC, the globus pallidus, putamen, thalamus [the medial thalamus was also activated in the study by Porro et al., 2003] and cerebellum, exhibiting activation that was significantly related to subjective reports of expected-pain magnitude.
Although Porro et al. [2003] had previously demonstrated the involvement of neural populations during anticipation of pain to be related to vegetative indexes of arousal, the study by Koyama et al. [2005] underlined that the expectation-related activation was not accompanied by any reliable increases in heart rate, suggesting that expectations of pain were not accompanied by significant alteration of affect and mood. Koyama et al. [2005] concluded that PFC, insula, and ACC worked together with their associated subcortical regions to support the mental representation of an impending stimulus. On these grounds, the different studies [except for the one by Porro et al., 2003] proposed that anticipation of pain triggers a specific neural system, distinct from the one involved in pain perception. A suggestive hypothesis that has not yet been demonstrated is that the aforementioned network may be involved in loading executive-monitoring onto the processing of task-relevant information in order to avoid interference by goal-irrelevant stimuli, in pain anticipation experimental paradigms. Even if brain mechanisms underlying anticipation of pain is an issue that has important theoretical and practical implications [Price et al., 1999] , the exact role of these regions in pain expectation remains unexploited, particularly with a meta-analytic approach of brain imaging studies.
To achieve this important objective, we identified human brain regions that were consistently implicated in pain anticipation. We adopted a coordinate-based metaanalysis approach [Eickhoff et al., 2009; Salimi-Khorshidi et al., 2009] , to provide an analysis of the neuroimaging literature-using fMRI and assessing changes that occur during pain expectation (without/before noxious administration). Finally, with the aim to explore the brainwide functional connectivity (FC) pattern of given activation likelihood estimation (ALE)-brain regions, we further provided a meta-analytic connectivity model (MACM) [Eickhoff et al., 2011; Laird et al. 2013 ].
MATERIALS AND METHODS

Literature Search, Selection, and Methodological Challenges
In this study, we adopted the meta-analysis definition embraced by the Cochrane Collaboration and the "PRISMA Statement" international guidelines to ensure that transparent and complete reporting of data selection was implemented Moher et al., 2009] .
A systematic search strategy was used to identify relevant studies published on or before July 2013 using the Medline database with Pubmed literature search (http:// www.ncbi.nlm.nih.gov/pubmed). During an initial phase, we analyzed the cognitive phenomics of all the keywords which allowed us to obtain literature patterns (see the Supporting Information for more details). Moreover, association measures were analyzed to get a perspective of the biomedical research literature.
We used two different sets of query terms: ï "Pain" AND "Anticipation" [ALL] AND fMRI [ALL] OR "Functional Magnetic Resonance" [ALL]; ï "Pain" AND "Anticipation" [ALL] AND PET [ALL] OR "Positron Emission Tomography" [ALL]
We found a co-occurrence among the first set of query terms, measured by the Jaccard Index, equal to 26.0, and a co-occurrence among the second set of query terms equal to 28.0. Accordingly, up until July 2013, 84 papers had been indexed on PubMed using the selected search terms. We also searched the bibliographies of published meta-analyses and reviews on pain anticipation in human experimental pain to identify additional studies which were not included in the PubMed literature search database. All included articles were analyzed and any of them that did not meet the inclusion criteria were excluded. Indeed, all articles were reviewed to establish that: (1) the experimental pain paradigms included a baseline condition to study functional activity during pain anticipation minus resting state conditions; (2) the study presents specified neuroimaging acquisition parameters; (3) the results were reported in Talairach/Tournoux or in Montreal Neurological Institute (MNI) coordinates; (4) the studies reported cerebral activation and deactivation changes, as assessed by blood-oxygen-level dependent (BOLD)-fMRI or PET; (5) they were original works; (6) the r field of view was not confined to a restricted region of interest (ROI). We also tried to identify any instances of multiple reports of single data sets of the articles to ensure that the coordinates of the present meta-analysis were reported in only one study (See Figure 1 : PRISMA Flow Diagram).
Importantly, the papers, we considered, analyzed the stage before pain starts, in terms of expectation or anticipation of pain. In an fMRI paradigm, this phase corresponds to the period of "expected pain," meaning the period of time between the beginning of the scan and the beginning of the stimulus. The subsequent stage expressed as the time between the beginning of the stimulus and its termination was not analyzed in this article as it only explores the pain anticipation phase.
Studies were independently ascertained and the authors checked to see if there were any discrepancies (SP, MA, and TC), which were then discussed and resolved. Descriptive information was extracted from each article including imaging acquisition and experimental modality, sample size, and characteristics. We carefully checked the conditions and experiments, pain induction, pain assessment, and the brain mechanisms related to pain anticipation. Since the focus of our study was on pain anticipation in human experimental pain paradigms, we also checked the sample population to exclude any clinical conditions. Tables I and II provide a detailed description of methods and sample in the selected studies. The number of activation and deactivation foci were established for each study. Based on these criteria, 19 papers were included in the analysis with an overall sample of 360 subjects (see Figure  1 -PRISMA Flow Diagram-and Appendix including all the references in the Supporting Information).
Coordinate-Based Meta-Analysis ALE meta-analysis is a fruitful quantitative voxel-based method that can be used to estimate consistent activation (or areas of gray matter increases/reductions) on the basis of foci of interest across different imaging studies that have reported statistically significant peaks of activation [Laird et al., 2005; Lancaster et al., 2000 Lancaster et al., , 2007 . This method requires that activation foci be reported in standard stereotactic space [Laird et al., 2005] . Indeed ALE approach considers each activation focus modeled as the center of a Gaussian probability distribution. Indeed, Talairach space has been subdivided in 2 mm 3 volumes and the following probability density function has been used: 1 2 d 2 MACM [Eickhoff et al., 2011; Laird et al. 2013] . MACM was used to assess AI and cingulate cortices FC separately. Bilateral AI (ROI 1: AI) and cingulate (ROI 2: ACC) cortex ROI were defined using a Talairach nifti image of 1 mm of resolution obtained from the talairach.org web site [Lancaster et al., 2000] . The ROIs were input into the BrainMap database separately, to search for all studies that reported activation within each ROI boundary for normal subjects and experiments with activation only. Whole-brain coordinates of activations were then downloaded (insula 5 17,383 total number of subjects, 1,305 number of experiments, 19,038 number of foci; cingulate 5 23,226 total number of subjects, 1,659 number of experiments, 22,307 number of foci). ALE meta-analyses [Laird et al. 2005; Turkeltaub et al., 2002] were performed on the sets of coordinates identified as coactivated during bilateral insula and cingulate cortices activation, to identify regions of convergence.
The resulting output images of the MACM analysis are used for an automated behavioral analysis with the plugin included in the Multi-image Analysis GUI (Mango) PðdÞ5 qffiffiffiffiffiffiffiffiffi 3 ffiffi e r 3 ð2pÞ 2r 2 v3.2.7 image processing system (http://ric.uthscsa.edu/ mango/) [Lancaster et al., 2012] . Behavioral domains where d is the Euclidean distance between the voxels and the focus taken into account and r is the standard deviation of the unidimensional distribution to generate a modeled activation (MA) map for each reported study. These 3D Gaussian distributions are consequently summed to generate a statistical map that estimates the probability of activation for each voxel as determined by the entire set of studies. This map is then thresholded using a permutation test [Laird et al., 2005; Lancaster et al., 2000 Lancaster et al., , 2007 .
To improve the output, we used an ALE algorithm that estimates the spatial uncertainty of each focus taking into account the possible differences among studies related to sample size [Eickhoff et al., 2009 .
ALE maps were computed using a Java-based version of ALE software named GingerALE (version 2.3.1, updated September 2014) at an FDR-corrected threshold of P < 0.05 and a minimum cluster size of K > 50 mm 3 . The cluster analysis peaks involved all extrema. ALE maps were then visualized using Mricron (http://www.mccauslandcenter. sc.edu/mricro/mricron/index.html).
The location of clusters in the Talairach space was assigned by identifying the location of the coordinates of the maximum ALE value using the Talairach Daemon, a highspeed database server for querying and retrieving data relative to human brain structure [Laird et al., 2005 ] that acts as a subroutine contained in the GingerALE software. Each label was provided automatically by the program.
Activation and deactivation foci related to pain anticipation were considered in separate analyses.
Meta-Analytic Connectivity Modeling
The method of seeding an anatomically driven ROI and performing ALE meta-analysis will be referred to as (BD) embraced the main categories of interoception, emotion, perception, action, cognition, as well as their related subcategories. Thus, we analyzed the BDs associated with each previously identifi coactivation cluster for AI and ACC to determine the functional roles of the derived clusters by significant over-representation of BDs in the experiments activating the respective cluster relative to the BrainMap database.
RESULTS
The studies we included are listed in the Supporting Information, Appendix section. Fifty-one studies were excluded because they did not meet the inclusion criteria (see the trial flow represented in Figure 1 ).
The characteristics of the 19 studies (reporting 24 experimental conditions with BOLD-fMRI), designated as suitable for meta-analysis, are reported in Table I . Together, these studies included data from 360 subjects and reported 347 activation and 147 deactivation foci. All the studies explored pain-related brain activity using fMRI and used contact noxious heat stimuli (33.33%), electrical noxious heat stimuli (25%), and rectal/esophageal balloon distention (33.32%). The remaining 8.33% of the studies used laser noxious heat stimuli. The experiments yielded tabulated coordinates for 10 contrasts involving left-side stimulation, four contrasts for right-side stimulation, and 10 contrasts for visceral or unspecific stimulation.
The average age of the samples (calculated from 20 experimental conditions) was 22.26 years (Table II) . Manual dominance was specified for 57.5% of cases; all the subjects were right-handed. There was a lack of information about gender for 9.17% of the sample. The remaining 45.28% were men, while 45.56% were women. 
Clusters of Neural Activity Changes
The brain regions identified in the meta-analysis have been presented in Table III . Twenty-one activation clusters were found. The pain anticipation analysis identified one cluster with a volume of 3,976 mm 3 showing increased activity compared to baseline values. This included the bilateral midcingulate and the right medial and inferior frontal gyrus. A cluster with a volume of more than 2,000 mm 3 included the right inferior frontal gyrus and the AI. Four other clusters with a volume between 376 and 984 mm 3 include the bilateral insula, the right thalamus, the right middle frontal, and superior temporal gyri. Five clusters with volumes exceeding 200 mm 3 were located in the bilateral AI, in the right culmen, in the right middle frontal and left occipital gyri, and in the left inferior parietal lobule. Other 10 clusters with a volume less than 200 mm 3 were identifi The left superior and middle temporal gyri, and the left culmen, the lentiform nucleus, the medial frontal gyrus, the lingual gyrus, the caudate body, the superior temporal gyrus, the inferior parietal lobule, and the precuneus were involved (all of which were more lateralized toward the right).
Six cluster of decreased activity with a volume of less than 305 mm 3 were found in the right claustrum and bilateral parahippocampal gyrus, in the left superior frontal gyrus, anterior cingulate, and claustrum (Fig. 2 ).
Meta-Analytic Connectivity Modeling Results
MACM maps for the two selected seed ROI (AI and ACC) were computed by ALE meta-analysis over those experiments in BrainMap that featured the closest activation foci to AI or ACC. The brain regions identified in the meta-analysis have been presented in Tables IV and V. The AI mainly showed higher coactivation probabilities in the claustrum, thalamus, inferior/middle and superior frontal gyri, inferior parietal lobule, precuneus, lentiform nucleus (putamen), parahippocampal gyrus, pre-/postcentral gyri, and middle temporal gyrus. The second largest cluster of coactivation involved the medial frontal gyrus, anterior and posterior cingulate (Table IV and Fig. 3A) . The ACC showed significantly higher coactivation Fig. 3B ). Indeed, the identified networks of coactivation are largely overlapping and seem to have a common origin in the same coactivation likelihood of the dorsolateral (BA 9,46) and medial PFC (BA 32).
Characterization of the clusters
Task-based coactivations of each cluster were delineated by performing an ALE meta-analysis across all experiments featuring at least one activation in that region (Fig.  3C ). All the BD that were significantly over-represented in experiments activating AI or ACC were described. Indeed, the minimum threshold of activation considered was 400 foci (labelled as "raw counts" in the output of the behavioral analysis plug-in included in the Multi-image Analysis GUI [Mango] v3.2.7 image processing system).
Several BDs were identified: in particular, for ROI 1 and ROI 2, activations were highly correlated to the BD of action (imagination, inhibition, and execution), emotion and perception (pain and interoception).
DISCUSSION
The novel goal of this coordinate-based ALE metaanalysis was to quantitatively analyze the results of neuroimaging studies investigating cerebral activation changes aiming to investigate the role of pain anticipation and the functional network on the basis of this phenomenon. We considered 19 fMRI experiments (in terms of 24 experimental conditions). Our study represents the first attempt never been addressed in the literature to consider pain anticipation paradigms in a single analysis, in order to provide a more objective overall perspective and a novel explanation of the cerebral network that consistently activate when a participant is anticipating a painful event to occur.
Our analyses identified significant ALE clusters; altogether, these studies included data from 360 subjects and reported 347 activation and 147 deactivation foci. These numbers were sufficient to objectively proceed with the ALE analysis (as previously stated by Laird in her "Users' Manual for BrainMap GingerALE 2.0"). As far as methodological considerations are concerned, as Caspers et al. [2010] in their meta-analysis of action observation and imitation underlined, the results of any given neuroimaging experiment are influenced by various study-specific idiosyncrasies, including the experimental design, implementation of the paradigm, task requirements, the included subjects, and the analysis of the data. In this direction, Rainville and Duncan [2006] pointed out that meta-analyses are prone to selection biases. Moreover, Caspers et al. [2010] added that one way to overcome these drawbacks is to integrate the results from several neuroimaging studies by means of quantitative metaanalyses [Eickhoff et al., 2009; Laird et al., 2009; Turkeltaub et al., 2002] , as we have recently demonstrated through our ALE meta-analysis on placebo analgesia [Amanzio et al., 2013] .
The outcome of the ALE obtained was characterized by brain regions consistently activated when a participant is anticipating a painful event to occur. As this outcome could encompass many independent and related processes, the simple nature of the constituent contrast makes it difficult to draw any inferences about which brain regions might be involved in discrete functional processes, nor how inter-regional activation is likely to represent a coordinated output. To explore the BD associated with the FC network, we added to the ALE analysis a MACM. Importantly, the MACM allows meta-analyses, which instead of pooling studies that share a common experimental design, look for global coactivation patterns across a diverse range of tasks, thus responding to the question "for a given region what tasks elicit activation?" ]. In particular, the specific preidentified seed regions (ROI 1 and 2: AI and ACC, respectively) were differentiated with respect to their FC linking the identifying cortical modules to functional properties based on similarities and differences in the coactivation map. Indeed, the meta-analytic connectivity profile and BD profiles were identified for each ROI. Interestingly, ROIs 1 and 2 produced very consistent results. In particular, the identified networks of coactivation were largely overlapping, mostly involving the same brain areas. Interestingly, activations in ROI 1 and 2 were highly correlated to the BD of action (imagination, inhibition, and execution), emotion (where fear represents an important domain) and perception (pain and interoception).
In line with the results we obtained, it is important to underline that the frequency of activation across all databased experiments is naturally high for heteromodal regions that are involved in a wide range of tasks such as for AI [Kurth et al. 2010] and ACC [Amodio and Frith, 2006 ]. These areas may be considered as a hub that connects systems involved in action monitoring, representation of the affective qualities of sensory events and interoceptive signals. They play a unique role in representing conceptual information relevant for survival and in transducing concepts into affective behavioral and physiological responses [Roy et al., 2012] . A role in this phenomenon is played by the dorsolateral and medial PFC. Its functional meaning, as underlined by Arnsten [2009] in her landmark review, is given by the ability to keep in mind an event that has just occurred, or bring to mind information from long-term storage and use this representational knowledge to regulate behavior, thought, and emotion [Goldman-Rakic, 1996] . The PFC is able to protect these representations from the interference of external or internal distractions and is a key for inhibiting inappropriate actions and promoting task relevant operations (socalled "top-down" regulation) [Thompson-Schill et al., 2002; Aron et al., 2004; Buschman and Miller, 2007; Gazzaley et al., 2007] . PFC operations allow the flexible regulation of behavior to enable us to properly respond to a changing environment-for example, the ability to shift an attentional set to new dimensions and to alter decision making as reward contingencies shift [Lee and Seo, 2007; Robbins, 2000] . The PFC also monitors errors, giving us the insight that we are incorrect and need to shift strategies [Modirrousta and Fellows, 2008 ]. An influential theory states that dACC monitors performance and signals that are needed for behavioral adaptation [Holroyd et al., 2004; Ridderinkhof et al., 2004a, b] . Indeed, action monitoring is particularly important in situations that may put the health of a human being at risk and may constitute a threat. In the latter, given a choice, we select actions expected to lead to better outcomes. Such selection requires a representation of expected values of different actions, as well as the continuous monitoring of outcomes to update the aforesaid. This mechanism may represent a key aspect in pain anticipation paradigms. In this case, the individual should be ready to react to a discomforting context. The monitoring attentional system, important for the phenomenon we observed, represented by the ACC [Posner and Reichle, 1994] , serves to ensure that the elaboration processes in other brain regions are of the highest efficiency, in relation to the demands of the tasks that are taking place. It is proposed that activity in the dACC signals the need for increased cognitive control [Ridderinkhof et al., 2004a, b] and interactions between the dACC and lateral prefrontal structures implement subsequent behavioral changes [Egner, 2009; Kouneiher et al., 2009; Ridderinkhof et al., 2004a, b] . The midcingulate comprises different subareas with a complex pattern of connection with limbic structures and appears to be important for the integration of emotional and cognitive processes and vegetative activity [Damasio, 1994; Devinsky et al., 1995; Ongu €r and Price, 2000] . In particular, the interaction between ACC, DLPFC, and AI may support the construction of a mental representation (behavioral MACM display: imagination) of a negative impending event (behavioral MACM display: fear). Importantly and novelty, the results of the MACM analysis revealed the activation of a common core system for implementing task set also known as the salience network [Seeley et al., 2007] involved in pain anticipation phenomena.
More evidence of functional interaction between ACC and AIC, as a network that initiates key control signals in response to salient stimuli or events, comes from a study by Sridharan et al. [2008] which identified a frontoinsular cingulate system engaging the brain's attentional and higher-order control processes while disengaging other systems, such as the default mode network (DMN) that are not task-relevant. Another cortical area involved in the salience network is the inferior frontal gyrus [Seeley et al., 2007] and the increase of this network is observed in situations important in changing behavior [Dosenbach et al., 2007] , as those we found in the experimental condition we analyzed. Tractography evidence shows that AI cortex has direct white matter connections to other key regions within this network including, not only the dACC [van de Heuvel et al., 2009 ], but also the inferior parietal lobe , another region we observed activated during pain anticipation in the ALE meta-analysis. Tight control of the balance of activity in the salience network and DMN appears important for efficient cognitive function, as rapid deactivation of the DMN is required for focused attention [Weissman et al., 2006] , such those related with a pain anticipation response. Interestingly, even if claustrum is not part of the DMN, we demonstrated in our ALE meta-analysis a deactivation of this structure related with pain anticipation responses. The results we obtained may be explained by taking into account its physiological role. Importantly, it plays a role in multisensory integrative processing and it facilitates the interaction between the DMN and task-related network [Smythies et al., 2013] . A reduction in its activity influences the functioning of task-related networks, such as those associated with a context of pain anticipation.
MACM results showed that it may be interesting to imagine a supramodal system activated by pain anticipation where AI and ACC play a prominent role in selecting emotional, attentional and sensory (pain/interoception) resources. As Mennon and previously underlined, taken together, as part of a functionally coupled network, the AI and ACC help to integrate bottom-up attention switching with top-down control and biasing of sensory input. This dynamic process enables an organism to shift through many different incoming sensory stimuli and adjust gain for task-relevant stimuli, processes central to attention [Yantis, 2008] . Importantly, as we have previously underlined, the AI and ACC form the core of the salience network that facilitates the detection of important environmental salient stimuli. Although salience filters likely exist at multiple levels of ascending pathways that bring sensory stimuli into the neocortex, what makes the salience network special is that it triggers a cascade of cognitive control signals that have a major impact on how such a stimulus is subsequently processed. Critically, the observation that the AI and the ACC are coactivated during a wide range of cognitive tasks provides a starting point for investigating its core functions in future studies.
As we find in the MACM, AI and ACC were coactivated by a number of BD such as monitoring, conflict, and response inhibition and negative emotions such as fear [see in this direction, e.g., Atlas & Wager, 2012] . These complex functions are not specifically related to pain perception even if prefrontal, cingulate and insula cortices and the medial thalamic nuclei are regions represented in the medial pain pathway [Petrovic et al., 1999; Rainville, 2002; Vogt, 2005] proposed to mediate the unpleasant, affective dimensions of pain, and the motivation to escape from the noxious event [Price, 2000; Treede et al., 1999] .
Since the paradigms used in the selected studies analyzed the period of "expected hyperalgesia," as the time between the beginning of the scan and the beginning of the stimulus and as the nocebo response also occurs through negative verbal suggestions when inert substances are not administered, pain anticipation phenomenon may be considered as a way to elicit and study the nocebo response. Indeed, only a few studies have analyzed the nocebo phenomenon and importantly, only one of them has described cortical-subcortical circuitries related to the nocebo response using fMRI technique [Kong et al., 2008] . Except for the hippocampus, these areas are in line with the ones we found through our meta-analysis where a special role is played by dACC, AI, and lateral and medial prefrontal cortices.
The results we obtained during anticipation emphasize the need for an appropriate psychological approach to predict potentially noxious events. Since expectations are future predictions derived from both past experience and present contexts, this flow of expectation-related information may be crucial for the development of the perceptual set we observed in pain expectation conditions. Such a highly distributed perceptual set of self-regulation may prime brain regions to process information where action (imagination, inhibition, and execution), emotion and perception (pain and interoception) play a central role.
